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Constitutive activity, or ligand-independent activity, of mutant G
protein-coupled receptors (GPCRs) has been described extensively
and implicated in the pathology of many diseases. Using the
corticotropin-releasing factor (CRF) receptor and the thrombin
receptor as a model, we present a ligand-dependent constitutive
activation of a GPCR. A chimera in which the N-terminal domain of
the CRF receptor is replaced by the amino-terminal 16 residues of
CRF displays significant levels of constitutive activation. The activ-
ity, as measured by intracellular levels of cAMP, is blocked in a
dose-dependent manner by the nonpeptide antagonist anta-
larmin. These results support a propinquity effect in CRF receptor
activation, in which the amino-terminal portion of the CRF peptide
is presented to the body of the receptor in the proper proximity for
activation. This form of ligand-dependent constitutive activation
may be of general applicability for the creation of constitutively
activated GPCRs that are regulated by peptide ligands such as CRF.
These chimeras may prove useful in analyzing mechanisms of
receptor regulation and in the structural analysis of ligand-
activated receptors.

Corticotropin-releasing factor (CRF) is a 41-residue C-
terminally amidated neuropeptide, which was first isolated

and characterized from ovine hypothalamic extracts (1). CRF is
a key regulator of stress responses and mediates its physiological
actions by activating G protein-coupled receptors (GPCRs). The
cloning of the human CRF type 1 receptor (R1) (2) indicated
that this receptor belonged to the secretin-like family of GPCRs,
also designated the class 2 or class B receptor family. The
secretin-like family of receptors includes receptors for secretin,
calcitonin, gastric inhibitory peptide, growth hormone-releasing
hormone, glucagon, glucagon-like peptide I, parathyroid hor-
mone (PTH), and vasoactive intestinal polypeptide (3). These
peptides all stimulate cAMP formation upon binding their
respective receptors.

Constitutively active secretin-like receptors have been de-
scribed (4, 5). The proposed involvement of constitutively active
PTH receptors in Jansen-type metaphyseal chondrodysplasia
revealed two positions at which mutations can induce ligand-
independent activity. The mutations that conferred constitutive
activity in the human PTH receptor were His-223–Arg and
Thr-410–Pro at the beginning of transmembrane helices 2 and 6,
respectively (5). These positions are highly conserved in the
secretin-like receptor family. Position 223 in the PTH receptor
is one helical turn above the conserved arginine, which, based on
computer modeling, is proposed to correspond to the conserved
arginine in the DRY sequence of the rhodopsin-like receptors
(6). The arginine, which substitutes for His-223, may compete
with the conserved arginine of the PTH receptor for a polar
pocket in the receptor and may shift the conserved arginine out
of this pocket and toward the cytosol and the G proteins. The
switching between different side-chain conformations of the
conserved arginine has been proposed to be the mechanism by
which the rhodopsin-like receptors activate G proteins (7). That
lysine is the only other substitution for His-223 that produces

constitutive activity in the human PTH receptor (8) lends
support to this explanation.

Point mutations at the cytoplasmic end of transmembrane
helix 6 are known to induce ligand-independent activity in
several rhodopsin-like receptors (9–11). In the a1 adrenergic
receptor, mutation of position 293 by any other amino acid
induces constitutive activity (12). Thus, it generally is believed
that this region of the receptor plays a critical role in constraining
the receptor in an inactive conformation. In the human PTH
receptor, numerous mutations of the conserved Pro-410 induce
constitutive activity (8). Therefore, this area may be similarly
important for constraining the human PTH receptor in the
inactive conformation.

Introduction of the His-223–Arg and Thr-410–Pro mutations
at equivalent positions in the other secretin-like receptors results
in a constitutively active phenotype for only the glucagon and
vasoactive intestinal polypeptide receptors (8, 13). The compa-
rable mutant versions of the receptors for glucagon-like peptide
I, gastric inhibitory peptide, calcitonin, secretin, growth hor-
mone-releasing hormone, as well as for CRF fail to show
ligand-independent activity (8). Even more surprisingly, the
Thr-410–Pro point mutant in the rat PTH receptor also fails to
produce ligand-independent activity (8).

Here, we present a strategy to obtain constitutively activated
receptors based on the thrombin receptor system. Structure–
activity relationship studies on CRF (14–16), the proposed
endogenous ligand for R1, imply that the peptide determinant
involved in activation is localized in the amino-terminal por-
tion of CRF. For example, amino-terminally truncated analogs
such as the CRF(12–41) peptide bind to the receptor without
activating it, thereby acting as competitive antagonists (16).
Astressin (16), a high-affinity peptide antagonist, developed by
using CRF(12–41) as a template, binds to the N-terminal
domain of R1 with high affinity (17), supporting a model in
which the carboxyl-terminal portion of CRF binds to the
N-terminal domain of the receptor. This binding event then
may position the amino-terminal portion of CRF in proximity
to other regions of the receptor responsible for activation. To
obtain constitutive activation of CRF receptors, we designed
a chimera in which we replaced the N-terminal domain of R1
with the activating portion of CRF in a manner reminiscent of
the activated thrombin receptor (18). Tethering the endoge-
nous ligand to the receptor may offer a general strategy for
obtaining constitutively activated receptors and avoiding the
complex phenotypes of receptors with point mutations.
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Experimental Protocol
The cDNA encoding the human R1 (2) was subcloned into the
pCI vector (Promega), positioning an optimized Kozak sequence
upstream of the initiation codon (19). Silent MluI and BspEI
restriction sites were created at positions 285 and 450, respec-
tively, and the endogenous BspEI site at position 1121 was
removed. All constructs were made by a modified overlap-
extension PCR (20) by using flanking primers with a 59 add-on
sequence (21). All PCR products were cloned as EcoRIyBspEI
fragments into the pCI vector containing R1 except for the
CRF(1–16)yR1 chimera, which was cloned as EcoRIyMluI. For
R1DN, residues 1–111 were replaced by the hemagglutinin (HA)-
signal peptide (22) followed by the FLAG epitope. The chimeras
CRF(1–16)yR1DN and CRF(17–41)yR1DN have residues 1–111
replaced by the HA-signal peptide (22) followed by the indicated
portions of ratyhuman CRF (23). Chimera CRF(1–16)yR1 has
the c-myc epitope and a glycine residue separating it from
CRF(1–16) (EQKLISEEDLGSEEPPISLDLTFHLLR) inserted
between residues 28 and 29 of R1. All chimeras were identified
by restriction enzyme digestion and verified by automatic se-
quencing. For the functional assay, 1 day before transfection, 2 3
106 COS M6 cells were plated in a 10-cm dish (Falcon) and
transfected by using the DEAE–dextran method (17). Approx-
imately 20 h later, the cells were trypsinized (Sigma) and seeded
into 48-well (Costar) plates at a density of 2 3 104 cells per well.
The cells were assayed approximately 40–48 h after transfection.
Cells were washed twice with DMEM containing 0.1% FCS and
incubated for 2 h in 200 ml of this medium in a 37°C humidified
atmosphere containing 5% CO2. Cells subsequently were pre-
incubated for 15 min with antagonist before 3-isobutyl-1-
methylxanthine was added (final concentration, 0.4 mM). Ten
minutes later, agonists were added, and the assay was stopped 15
min after that by aspiration of medium and addition of 0.5 ml of
ice-cold ethanol containing 0.1 M HCl. The cAMP content was
determined by RIA (Biomedical Technologies).

Results and Discussion
We designed chimeras between R1 and the amino-terminal
residues (1–16) or the carboxyl-terminal residues (17–41) of
CRF and positioned the peptide portion in place of the N-
terminal domain of the receptor (Fig. 1). Because these chimeras
lack the receptor’s signal peptide (24), they are expressed by
using the HA-signal peptide derived from influenza HA at their
amino termini (22). The introduction of the HA-signal peptide
ensures proper membrane targeting of the expressed constructs.
Furthermore, the HA-signal peptide is cleaved by the expressing
cells (22), leaving the peptide tethered to the body of the
receptor (i.e., the transmembrane region including loops) with a
free amino terminus.

Transient transfection of COS-M6 cells with the peptidey
receptor chimera in which the first 16 residues of CRF replace
the receptor’s N-terminal domain [CRF(1–16)yR1DN] results in
high levels of receptor activity as measured by an increase in
intracellular cAMP (Fig. 2a). The activity of this chimera is
25-fold (Fig. 2a and Table 1) higher than the activity observed
in the presence of 10 mM antalarmin (25) (an R1-specific,
nonpeptide antagonist) and is blocked in a dose-dependent
manner by it (Fig. 3a). By contrast, the constitutive activation is
not inhibited by 10 mM astressin (16), a peptide antagonist (Fig.
2a and Table 1). The body of this chimera is not responsible for
the constitutive activation because the N-terminally truncated
receptor, R1DN (Fig. 1), does not display constitutive activity
(data not shown). This observation indicates that the N-terminal
domain of R1 does not constrain the body of the receptor in an
inactive conformation as has been proposed for the thyrotropin
receptor (26). Urocortin, another mammalian member of the
CRF-like family of peptides (23), activates R1DN with an EC50 >
0.1 mM (data not shown), which is a 500-fold reduction in
potency compared with that of the native receptor. This reduc-
tion in potency probably reflects the distinct, yet overlapping,
receptor regions that contribute to the urocortin–receptor in-

Fig. 1. Schematic outline of R1 and related constructs. Based on alignment and structural modeling of the transmembrane region of secretin-like receptors
(6), the transmembrane segment 1 starts at position 124 in the R1. Constructs in the lower left of the figure all have the N-terminal domain corresponding to
residues 1–111 of the receptor replaced with the indicated portion of CRF and are expressed with the HA-signal peptide placed upstream of the peptide portion.
The construct in the lower right has residues 1–16 of CRF inserted into the N-terminal domain of R1 between residues 28 and 29. The shaded circles in
transmembrane segments 3 and 5 indicate residues important for binding of an R1-specific, nonpeptide antagonist (27).
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teraction. The N-terminal receptor domain is involved in rela-
tively high-affinity binding (17), whereas the body of the receptor
appears to display a lower-affinity interaction. Urocortin treat-
ment of cells expressing the chimera CRF(1–16)yR1DN results in
a minor, not statistically significant, further stimulation of cAMP
production (Figs. 2b and 3a and Table 1).

Using an ELISA with antibodies raised against CRF(1–21) as
well as against CRF(1–41), high levels of peptide epitope were
detected on cells transfected with CRF(1–16)yR1DN (data not
shown). Therefore, the low level of stimulation of CRF(1–16)y
R1DN by urocortin is not caused by an absence of membrane-
localized constructs.

Mutational analysis of R1 has revealed two residues, namely,
His-199 and Met-276, in the transmembrane segments 3 and 5,
respectively, which affect the binding of NBI 27914, another
nonpeptide antagonist (27) that is functionally similar to anta-
larmin. It is likely that similar receptor segments are involved in
the binding of antalarmin. That antalarmin is able to inhibit the
constitutive activation of CRF(1–16)yR1DN is consistent with
this assumption and supports the view derived from numerous
studies on rhodopsin-like receptors (28) that nonpeptide antag-
onists bind in the transmembrane domains of the receptors.

The chimera in which the carboxyl-terminal (17–41) residues
of CRF replace the N-terminal domain of R1, [CRF(17–41)y

R1DN], is deficient in constitutive activation (Fig. 2a and Table
1), yet produces an '50-fold stimulation of intracellular cAMP
in response to 10 mM urocortin (Fig. 2b and Table 1). These
results are consistent with the amino-terminal portion of the
CRF peptide being required for activation.

The significance of the proximity between CRF(1–16) and the
body of the receptor was examined by inserting CRF(1–16) into
the N-terminal domain of R1 between residues 28 and 29 within
the intact receptor (Fig. 1). This chimera, CRF(1–16)yR1, does
not display constitutive activation (Fig. 2 a and Table 1), but
shows a large response to urocortin, with similar potency (EC50

; 0.2 nM) to that of R1 (Fig. 2b and Table 1). An anti-myc
antibody as well as the aforementioned CRF antibodies detect
high levels of chimera expression on cells transfected with
CRF(1–16)yR1 (data not shown), indicating that the 16 residues
of CRF are present in CRF(1–16)yR1. Therefore, the lack of
constitutive activation of this chimera is not caused by loss of the
peptide during expression. The lack of constitutive activation of
this construct possibly may be a result of the ability of the
N-terminal domain of the receptor to function as a spacer and,
thus, diminish the proximity between the active portion of CRF
and the body of the receptor.

An analog of CRF in which Leu-8 is replaced by Ala retains
full intrinsic activity but has a 300-fold decrease in the relative
potency compared with that of CRF as measured by in vitro
corticotropin release from cultured rat anterior pituitary cells
(14). Similar results for cAMP production were found for R1
(data not shown). The corresponding modification in the peptide
portion of the chimera, CRF(1–16[L8A])yR1DN, abolishes the
constitutive activation (Fig. 3b). This chimera, however, can be
stimulated by urocortin (Fig. 3b). Using an ELISA with anti-
bodies raised against CRF(1–21) and CRF(1–41), the level of
expression of CRF(1–16[L8A])yR1DN was found to be similar to
that of CRF(1–16)yR1DN (data not shown). These results sup-
port the hypothesis that the constitutive activation of the CRF(1–
16)yR1DN chimera is produced by specific interactions between
the tethered amino-terminal part of CRF and the body of the
receptor and that the specificity is reminiscent of that between
CRF and native R1 (Fig. 4).

Fig. 2. Constitutive activation and stimulation of R1 and peptideyR1 chimeras. (a) Level of cAMP in the absence (open bars) and presence of 10 mM astressin
(hatched bars) or 10 mM antalarmin (shaded bars). (b) Level of cAMP in the absence (open bars) and presence of 10 mM urocortin (solid bars). The cAMP level
is normalized in each experiment to that observed in the presence of 10 mM antalarmin. Data are presented as mean 6 SEM from 4–8 independent experiments,
each performed in triplicate. The absolute level of cAMP in the presence of 10 mM antalarmin is similar for all constructs.

Table 1. Activities and potencies of peptide ligands on R1 and
peptideyR1 chimeras

Vehicle,
-fold

Astressin,
-fold

Urocortin

-fold EC60, nM

RI (wild type) 1.3 6 0.2 2.5 6 0.2 92 6 11 0.21 6 0.04
CRF(1–16)yR1DN 25 6 4 26 6 4 30 6 3 —
CRF(17–41)yR1DN 1.2 6 0.1 1.7 6 0.3 51 6 7 110 6 20
CRF(1–16)yR1 1.1 6 0.2 2.0 6 0.3 76 6 5 0.20 6 0.1

Data are presented as mean 6 SEM from 4–15 independent experiments,
each performed in triplicate. The cAMP level is normalized in each experiment
to that observed in the presence of 10 mM antalarmin. Because of the low level
of urocortin stimulation of CRF(1–16)yR1DN, the EC50 could not be
determined.
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Recently, GPCR genes have been cloned that display homol-
ogy to the transmembrane region of secretin-like receptors
(29–33). However, these genes encode receptors with N termini
of up to 950 residues with distinct structures compared with that
of secretin-like receptors. The present study sheds light on how
this subclass of secretin-like receptors is activated. The main
roles of the various N termini presumably are to provide
sufficient binding energy and specificity for presenting only a
part of the ligand to the body of the receptor in the proper
proximity for activation. In support of this model of activation,
chimeric peptides consisting of the amino-terminal part of PTH
and the carboxyl-terminal part of calcitonin were able to fully
activate a chimeric receptor in which the N-terminal domain of
the calcitonin receptor replaced that of the PTH receptor (34).
Full stimulation also was achieved for the reciprocal peptide and
receptor chimera (34). Tethering a ligand to the body of a
receptor may be a general method for obtaining ligand-
dependent constitutive activation of receptors, as well as being
useful for delineating regions of the ligand involved in receptor
activation.

A picture of GPCRs with multiple, yet distinct, activated states
currently is emerging for secretin-like receptors (35) as well as
rhodopsin-like receptors (36–40). These discrete, activated
states have been shown to be stabilized by specific agonists
(35–37) or induced by point mutations in the receptor (38, 40).
The present approach of tethering a ligand to the receptor
presumably will restrict the chimera to the same signaling
pathways as the native receptor in responding to the ligand, thus
making these chimeras appropriate for analysis of mechanisms
underlying receptor desensitization and regulation. These con-
stitutively activated chimeras are also suitable for transgenic
mice by using tissue-specific conditional expression (41) for the
study of the pathophysiology associated with a specific receptor
system. The constitutively activated chimera CRF(1–16)yR1DN is
a new type of RASSL (receptor activated solely by a synthetic
ligand) (42). This chimera does not respond to endogenous levels
of agonist like a RASSL. However, in contrast to a RASSL,
which is activated only by administering a synthetic agonist, the
CRF(1–16)yR1DN chimera will be constitutively activated upon
induced expression. The activity of this chimera can be phar-
macologically inhibited by an orally active, R1-specific, nonpep-
tide antagonist such as antalarmin (25). This type of engineered
chimera may be designated as a RISSL (receptor inhibited solely
by a synthetic ligand).

Mutations causing constitutive or ligand-independent activity
in GPCRs generally are believed to destabilize the receptor (43),

making the constitutively active receptor mutants difficult to
handle for structural purposes. However, agonists as well as
antagonists protect against receptor denaturation (43). Tether-
ing the active portion of CRF in close proximity of the body of
R1 creates a chimera in which the peptide part presumably binds
and stabilizes the body of the receptor in an active conformation.

Fig. 3. Dose response with urocortin and antalarmin on CRF(1–16)yR1DN and CRF(1–16[L8A])yR1DN. (a) CRF(1–16)yR1DN. (b) CRF(1–16[L8A])yR1DN. Data are
presented as mean 6 SD from triplicate determinations and are representative of three independent assays performed in parallel. For CRF(1–16)yR1DN, the IC50

for inhibition of constitutive activation by antalarmin is 14 6 1 nM. For CRF(1–16[L8A])yR1DN, the EC50 for stimulation by urocortin is 140 6 20 nM.

Fig. 4. Propinquity model for R1 and CRF(1–16)yR1DN activation. Schematic
representations of the upper portion of R1. The transmembrane segments are
indicated in green and are based on models of GPCRs (6, 44). The putative
disulfide bridges important for binding are indicated in yellow (45). (a) R1. The
putative regions involved in binding of antagonists are indicated by arrows.
The peptide antagonist is presumed to bind to the N-terminal domain (17),
whereas the nonpeptide antagonists bind in the transmembrane region (27).
The receptor in the absence of agonist is represented in an inactivated state.
(b) R1 activated by CRF. The first 16 residues of CRF are shown in blue, whereas
the remaining (17–41) residues are shown in black. The receptor is repre-
sented in an activated state. (c) Constitutively activated chimera. The figure
shows the chimera in which the first 16 residues of CRF are tethered to the
receptor in place of its N-terminal domain. The tethered peptide stabilizes the
chimera in an active state. (d) Inactive chimera. The figure shows the chimera
in which the CRF peptide portion contains the mutation L8A and is tethered
to the receptor in place of its N-terminal domain. This point mutation prevents
the tethered peptide from stabilizing the chimera in an active state.
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Thus, the present approach may be a novel way of obtaining
biochemically more stable, constitutively activated receptor pro-
teins suitable for structural analysis.

In summary, the present results show that the body of the CRF
type 1 receptor can be activated by a thrombin receptor-like
mechanism. Tethering the amino-terminal part of CRF to the
receptor in place of its N-terminal domain results in a consti-
tutively activated chimera. It is likely that capture of an agonist
by the N-terminal domain of secretin-like receptors, in this case
the CRF type 1 receptor, spatially constrains the activating
residues of the agonist relative to the body of the receptor in the
proper proximity for receptor activation. This spatial constraint
may be mimicked by tethering the activating residues of the

agonist to the body of the receptor as presented here for the
CRF(1–16)yR1DN chimera.
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